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NUMERICAL EXPERIMENTS LEADING TO THE DESIGN OF
OPTIMUM GLOBAL METEOROLOGICAL NETWORKS

M. A. Alaka and F. Lewis
INTRODUCTION

The problem of establishing criteria for the spacing of meteorological stations
is one of long standing. In 1935 the Conference of Directors of the Inter-
national Meteorological Organization, held in Moscow, was informed that the
scientific institutes of the USSR were engaged in establishing such criteria.
The first quantitative evaluation of global network requirements appears to
have been formulated at the Paris (1946) meeting of the Commission for Synop-
tic Weather Information, the predecessor of CSM, The requirements were de-
rived somewhat arbitrarily on the basis of experience in temperate latitudes
rather than on the basis of a systematic study of the problem on a world-wide
scale. '

With the advent and increasing avallability of more and more powerful camputers
and the development of increasingly sobhisticated dynamical models of weather
prediction, our ability to improve both the accuracy and timé range of our
forecasts is severely limited by our present data networks [27 On the basis
of computations with advanced numerical models of the general circulation,
Charney /2/ has concluded that an accurate definition of the initial state of
the atmosphere would ensble us to forecast the weather for periods up to two
weeks and to provide average values of selected weather parameters for longer
periods. But the fact is that there are very large areas where the data are
very sparse. Spurious influences fram these areas quickly contamlnate weather
predictions even for areas where the networks are adequate.

The first step in attempting to remedy network deficiencies is to formulate
accurate requirement criteria. Table 1 gives estimates of suitable station
spacings proposed over the years by various groups. The disparity between
.these estimates is striking. Even for the middle latitudes, the estimates
range from less than 300 km, according to the Cammission for Synoptic Weather
Information (l9l+6), to 1300 km suggested by the Weather Bureau é as belng
adequate to maintain the accuracy of hemispheric numerical prediction at the
level obtainable at that time. The obtaimment of umiform global coverage on
the basis of these two.estimates: would require 5675 and 302 stations, respec-
tively, thus yielding a range which spans more than one whole order of magni-
tude. For uniform coverage most of the stations would have to be over oceanic
or thinly populated areas. It therefore 1s exceedingly important, from an
economic standpoint, to find precisely the point beyond which an increase in
the number of stations would not be Jjustified.

- ANALYSIS OF THE PROBLEM
Errors in numerical forecasts may be traced to two main sources:
(a) Errors in analysis

(b) Errors inherent in the forecasting model.
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Fig. 1 shows the different sources of these errors which are not additive be-
cause the equations governing them are not linear. We hope eventually to deal
with an improved observation system in which the errors will be sufficlently
small to satisfy linear perturbation equations. In this event the errors be-
come approximately additive, which permits the study of each type of error
separately.

One sees fram Fig. 1 that errors of analysis stem from the following causes:

éa) Inadequate networks
b) Incorrect cbservations
(c) The analysis technique.

The effect of network density is best understood if we regard the meteorologi-
cal field to be analyzed as the sum of harmonic components. The variance of
each component is known as its power, and the distribution of the powers of
the various harmonic components constitutes a spectrum - the power spectrum.

A given network of stations can give no information on those harmonic campon-
ents whose scale is camparable to or smaller than the spacing of the cbserving
stations. An analysis of the field can at best yield an estimate of the
larger-scale components. However, the unresolved small-scale components will
appear in the observed values as noise which is erroneously interpreted as
part of the large-scale component., This phenomenon, which is known as
"aliasing," will have an effect similar to that of random observation errors
and will contribute to the uncertainty of determining the large-scale campon-
ents. If the large-scale features are to be determined with sufficient accu-
racy, the noise level must be kept to within a small fraction of the total
power of the field.

If the typical power spectrum of atmospheric fields were known through its
complete range, networks satisfying the above criterion could be designed.
Unfortunately, sufficient knowledge is lacking, especially in connection with
the short-wave end of the power spectrum.

Stated samewhat differently, analysis errors corresponding to different net-
work densities could be accurately camputed, provided certain statistical
paremeters are known. These include the mean value of the field, its vari-
ance, and its space autocorrelation functions. The preliminary report of the
CSM Working Group on Networks []:.7 demonstrates how this may be done. Several
analysis schemes were used by the Working Group in computing errors corre-—
sponding to different network-grid spacings. Interestingly enough, the report
shows how the instrumental error may be deduced from the variance and covari-
ance of the measured parameter.

GROWTH OF ERRORS

However, for the purpose of assessing the effects of analysis errors on the
accuracy of forecasts, one must know not only the magnitude of the initial
errors but also their rate of growth with time. The analysis errors may be
regarded as perturbations on the real field. The growth of these perturba-
tions will then depend on the scale of the perturbations and on the meteoro-
logical condition/5, §] + For any given atmospheric condition, as defined by
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the horizontal and vertical gradients of temperature, Thompson E has shown
that perturbations of a scale larger than a critical wavelength will amplify
while those of & smaller scale die out. Thus, network density affects fore-
cast accuracy in a dual manner since it determines both the magnitude of the
initial analysis errors and the growth of these errors with time. It is pos-
sible that a network which i1s dense enough to produce an analysis with compar-
atively small initial errors may yet be inadequate to insure a sufficiently
slow rate of growth of these errors.

In principle, it would be possible to estimate network densities corresponding
to acceptably slow rates of error growth provided one possessed the necessary
statistics concerning the frequency with which conditions characterized by
different values of the horizontal and vertical temperature gradients occurred.
Again, such statistics are not aveilable except to a very limited extent.

PHYSICAL AND MATHEMATICAL ERRORS

Another consideration which must be taken into account in evaluating network
requirements is the capability of the forecasting models to utilize the infor-
mation provided by the networks.

An aerological network is satisfactory if it defines the initial fields with
sufficient accuracy so that the initial condition errors form only a minor
part of the total forecast errors. Inherent in each numerical forecasting
model are two main sources of error: (a) the physical errors which are due

to the particular simplifications of the governing equations and boundary con-
ditions made in the model, and (2) the mathematical errors which arise prima-
rily from the replacement of the differentials by finite differences.

There is no basis for making direct estimates of all the physical and mathemat-
ical forecast errors of different models 57 .

' In summary, accurate direct determination of initial analysis errors and their

growth with time depend on the existence of worldwide statistics of the state
and variebility of the atmosphere. In the absence of such information present
estimates have been based on limited statistics which, in general, may not be
representative of the atmosphere. The ratio of these errors to the total
forecast errors of different forecasting models must be obtained by experi-
mentation,

The present experiments were designed to circumvent the obstacle to an accurate
determination of global network requirement arising from the insufficient
statistical information on the structure and variability of the atmosphere.

EXPERIMENTAL PROCEDURES

The procedure intended for the experiments is best illustrated by Fig. 2.
First of all, a reference atmosphere is defined. Ideally, this reference at-
mosphere should be hypothetical, but meteorologically realistic. This would
guard against biasing the results by any particular density or configuration
of actual observations. One way of achieving this would be to use a forecast
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of an actual weather situation. The intention is to run T2-hour forecasts of
selected historical situations with the Shuman primitive equation model 17 =
These forecasts then serve as initial conditions for the experiments. From
these initial conditions forecasts are run for 12, 2k, 36, 48 and 72 hours with
two different models — the so-called "Mesh" model /I/, which is essentially a
barotropic model, and Shuman's primitive equation model. The initial condi-
tions, together with the forecasts, represent a reference atmosphere which
will provide.a data source for the experiments and against which results will
be compared.. :

The initial conditions of the reference atmosphere are made up of 1977 grid-
point values about 3.5° Lat. apart near the pole and 2.5° lat. at the southern
edge. This is the same grid as used in the National Meteorological Center of
the Weather Bureau. In defining the reference atmosphere, the assumption is
implicitly made that this network is better than any foreseeable actual net-
work and that the forecasts produced by this network are for all intents and
purposes the best that any particular model can produce. '

Starting with the initial condition of the reference atmosphere as a data
source, an experimental network is extracted. Then, with the help of a suit-
able first guess, a numerical analysis is performed. From this analysis fore-
casts are made and compared with the corresponding reference forecasts. Next,
the 12-hour reference forecast is used as a data source and the same experi-
mental network extracted fram it. Then, using the 12-hour forecast from the
previous experimental network as a first guess, a nmmerical analysis is per-
formed and forecasts of varying periods are run and compared with the corre-
sponding reference forecast. The experiment is continued by taking successive
reference forecasts as data sources and performing the same procedure. Since,
for a given network, errors in prediction are a function of the state of the
atmosphere /5, 8/, several historical cases distributed over the different
seasons will be used in initiating the reference atmosphere in an effort to
determine the extent of the effect of varying meteorological conditions on

the results. Identical experiments will be run with the Mesh model and the
primitive equation model to determine the sensitivity of network variations

to models of varying degrees of refinement.

The successive experimental networks are designed to be of an increasing order
of complexity. The following are some of the questions to which answers will
be sought:

(a) The manner in which variation in density of observations of a regular
array of perfect observations affect the error £ield in hemispheric fore-
casting;

(p) The manner in which errors in the observations modify the above results;

(c) The effects on the error field resulting from the uneven distribution of
observations. '

(4) The extent of the dimimution of the error fields resulting from various
augmentations to the present networks, especially over oceanic and desert
areas;



(e) The extent to which very dense networks over continental areas like the
U.S, are vitiated by oceanic areas of comparative data void;

(f) The possibility of exchanging frequency for density of observations;

(g) The extent to which meteorological satellite systems, such as superpressure
balloons monitored by satellites, can be used to augment conventional net-—
works and the manner in which these systems are best incorporated in a
unified scheme suitable for hemispheric or global mumerical prediction.

SOME PRELIMINARY EXPERIMENTS

Pending the full operation of the CDC 6600 computer, which would enable the
planned experiments to be performed, some preliminary experiments are being
run following a slightly modified plan. This first series of experiments was
based on the operational MMC analysis of the 500 mb and 850 mb charts for 00Z,
15 Nov 1962 together with the 12-hour forecasts for these charts. The analy-
ses were used as the starting point for a T2-hour forecast run which produced
forecasts 12, 24, 36, 48, 60 and 72 hours in advance. These analyses and
forecasts, in the frame of reference of the experiments, were taken as the
hypothetical atmosphere that the model was attempting to predict with varying
data input. We call it the reference atmosphere. Definition of the reference
atmosphere in this way is equivalent to assuming (a) that we have a perfect
forecasting model and (b) that the atmosphere is relatively simple, being com-
pletely described by the barotropic-mesh model.

With a hypothetical network of 226 stations located at grid points evenly dis—
tributed over the NMC octagon-shaped grid, we simulated the operational use

of the barotropic-mesh model. We used the NMMC 12-hour forecast (500 and 850
mb ) valid at 00z, 15 Nov 1962, as the first guess. We simulated the input of
rawinsonde reports of wind and height at 500 mb and 850 mb allowing no instru-—
mental, observational, or reporting error from the 226 stations of the hypo-
thetical network and processed the data through the analysis, balance and
barotropic-mesh forecast programs (Run #1). Throughout the entire series the
analyses, stream fields and forecasts were obtained with programs used opera-
tionally at IMC.

We then took the 12-hour forecast from Run #1 and used it as the first guess
for the analysis at 1272, 15 Nov 1962. We took the data for the 226 simulated
reports from the reference atmosphere for that time and went through the same
set of programs (Run #2). Runs 7#3 and #4 were effected similarly for initial
times of O0Z and 127, 16 Nov 1962, in succession. Runs #1, #2, #3, #4 all
used the same station network of 226 stations.

In the same manner and for the same times we made Runs #5, #6, #7, #8 using a
network of 452 "stations" again on grid points and evenly distributed. How-
ever, instead of using the IMC forecasts for 00Z, 15 Nov 1962, as the initial
first guess, we adjusted that forecast so as to obtain a first guess with a
similar error pattern but with the magnitudes of the errors reduced by'25%.
This was done on the expectation that with the better station density the
first guesses would be better to that extent.



Runs #9, #10, #11 and #12 were similar to the above except that the density of
stations was again doubled (906 stations); for the initlal first guess we used.
the same error pattern with the magnitudes of the errors reduced to 50% of the
errors of the operational first guess.

For Runs #13 through #16 we used a station network approximating the existing
network with 356 stations irregularly distributed. The operational forecast
was used as the first guess.

Runs #17 through #20 were designed to find the limits of accuracy of the anal-
ysis procedures. Almost all the grid points, except for boundary points, were
used as reporting locations, 1769 stations in all. The first guess was again
taken as the unadjusted operatiocnal l2-hour forecast. The purpose for using
this relatively poor first guess was to examine the effect on the experiments
of a poorly chosen first guess.

After examination of the results of the above runs it appeared fram extrapola-
tion of the analysis errors that the existing station network was roughly
equivalent to 100 stations evenly distributed over the MMC grid. We therefore
made Runs #21 through #24 with 118 stations evenly distributed over the grid,
using the unadjusted operational analysis as the first guess, to determine
whether the extrapolation was valid.

Fig. 3 presents the root mean square errors of heights at 500 mb of the analy-
gis and 12-hour forecast for each run. The ordinate is the root mean square
height error over the entire 1977~point grid, and the abscissa is the time of
the analysis and the valid time for the forecast. For each set of four runs,

a line comnects the initial first guess, the first analysis, the first 12-hour
forecast, the second analysis, the second 12-hour forecast, the third analysis,
etce

Some of the features of interest in Fig. 3 are:

(1) The initial first guess has, in all cases, a much larger error than the
first guesses subsequently developed in each set of runs. This is a conse-
quence of our simulation of a perfect forecasting model. The errors of the
first guesses generated after the initial one were due solely to the error of
the previous analyses, whereas the initial first guess had an impliclt error
due to the difference between the actual atmospheric mechanism and the baro-
tropic-mesh model.

(2) The effect of using a first guess with an error about double what we
should have is not evident beyond the first l2~hour forecast.

(3) The uneven distribution of 356 stations roughly representing the existing
station network with same areas of dense coverage and large areas of very
sparse coverage corresponds, at least for a "serfect" model, to an even cover-
age of fewer than 118 stations.

(4) The growth of error in going from analysis to 12-hour forecast varies
within each set of runs. Further, there seems to be & parallelism among the
several sets; presumably this reflects the variation within the 48-hour period
of the flow pattern of the reference atmosphere and the relative locations
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of the flow pattern features and the error patterns.

(5) The runs using 1769 stations are no improvement over the runs with 906
stations. Evidently this is due to the fact that with 906 stations the model
is already saturated with data. Each report contains three units of informa—
tion for each pressure surface - two wind companents and a height; thus,
there are more than enough data in the 906-station runs to fully specify the
1977 grid-point values at each pressure surface in the model.

(6) The best analyses have a minimum root mean square error of L.t meters,

even with 1769 stations. This error must be about the minimum attainable with
the analysis program used. The analysis program is designed to process reports
from the existing network with instrumental and reporting errors and a first
guess fram an imperfect model; thus it is deliberately designed not to fit the
date exactly but rather to obtain a smoothed fitting of the first guess ad-
Justed approximately by the reports.

(7) The first 12-hour forecast with 1769 stations is better than the first
analysis with these stations. This may be taken as supporting Thompson'®s
analysis of the suppression and amplification of short waves and long waves,
respectively, by the forecast model.

Fig. 4 presents the variation of the root mean square error at 500 mb with
respect to the number of simulated stations. Separate curves apply to the
analysis and the 12-, 24— and 36-hour forecasts. Each curve represents the
results of three runs for each station density, the initial run having been
omitted in each case to avoid the effects of the unrepresentative initial
first guesses. The curves relating the errors to the density of stations are
exponential, as one intultively would expect. According to these curves,
reducing station separation below about 600-T00 km would result in very little
additional reduction of the mean error. The curves were extrapolated to the
mean error of the present network, which is shown to be equivalent to that
corresponding to a uniform distribution of stations about 1600 km apart.

CONCLUSIONS

In drawing conclusions from the series of experiments described in this pre-
liminary report one must bear in mind its limitations:

(a) We have assumed that the forecasting model is perfect by forcing the
reference atmosphere to conform with it. Runs will have to be made with the
real atmosphere, as best we know 1t, to evaluate this limitation.

(b) We have generated perfect reports, permitting no instrumental or report-
ing errors; furthermore, we have forced the observations to be representative,
allowing for no short wave variations which would introduce nolse into the
system.

(c) We have treated only one 48-hour event. Certainly some of the results
are characteristic of this event, as distinguished fram a representative
sample of events from different seasons and regimes.
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(d) Our measure of goodness of the analyses and forecasts has implicitly been
taken as the root mean square error over all 1977 grid points of the model,
equally weighted. This gives southerly areas an excessive influence on our
results. To remove this limitation, we shall shortly resummarize the errors
in harmonic components by latitude.

(e) The initial conditions for the event we studied in this experiment are
highly influenced by the existing station distribution. For subsequent expere
iments we plan to avoid this limitation by using as initial conditions a sit-
uation developed after an extended run of the primitive equation model.
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